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Introduction
Spin casting is a commonly used technique for the deposition of thin films on flat substrates. It is widely used in the semiconductor industry to apply uniform layers of resist material for lithography [1] . Recently it has emerged as the standard laboratory technique used to fabricate uniform thin films for use in semiconducting polymer devices, and as such has been the focus of a concerted research effort [2] . Solutions of a single polymer dissolved in a suitable solvent are most commonly used during the spin casting process. This results in highly uniform films of controllable thickness under suitable experimental conditions. However, when blends of two or more polymers (rather than a single polymer solution) are used for spin casting phase separation into domains rich in each of the two constituent polymers often occurs [3] [4] [5] [6] [7] [8] [9] . Whether or not phase separation occurs is determined by the immiscibility of the constituent polymers in the starting solution, as determined by the FloryHuggins interaction parameter and the polymer chain length. When phase separation does occur, the process introduces a complex morphology to the thin film produced. Often such complex phase separated morphology is not desirable; however in some circumstances it can be beneficial to the device performance. This self assembly into phase separated domains of a given size may be utilised to enhance devices [10] and can be controlled by patterning the substrate surface [11] [12] [13] [14] . Therefore, there is considerable interest in understanding the physical mechanisms which govern the evolution of the complex phase separated morphologies [6] [7] [8] [9] . Although phase separation during spin casting is a dynamic nonequilibrium process surprisingly little of the experimental research into spin casting has been done in situ. Previous in situ studies done by our research group have shown that by utilising a combination of specular reflectivity and off-specular scattering it is possible to follow the evolution of the phase separation during the spin casting process [15, 16] . The aim of this work was to examine the complex morphologies that result from spin casting PS-PMMA solutions under different experimental conditions and to elucidate the mechanisms that control the phase separation. An understanding of the mechanisms involved may make it possible to systematically exert some control over the complex morphologies produced. To achieve these aims we have conducted a series of in situ specular reflectivity and off-specular scattering measurements during the spin casting process and then taken ex situ optical micrographs, atomic force micrographs and conducted neutron reflectivity measurements on the spin cast samples to determine the final film morphologies. The results that we acquired have provided useful insights into the structure of the phase separated films and the processes that control phase separation, and therefore we are able to elaborate upon the mechanism of phase separation first proposed in reference [16] .
Experimental
The toluene (HPLC grade) was provided by Sigma-Aldrich and used as delivered and the polymers polystyrene (PS) and deuterated poly-methylmethacrylate (d-PMMA) were provided by Polymer source and also used as delivered. They had molecular weights of M w =136k and 135.5k, respectively. Polymers with similar molecular weights were selected as they have previously been shown to phase separate on a length scale that is sufficiently large to be observed by off specular scattering [15, 16] . Deuterated PMMA rather than the standard hydrated PMMA was used to provide greater contrast in the neutron reflectivity experiments. PS:d-PMMA blend solutions (in toluene) were prepared at different concentrations (2%, 4%, 6%, 8% and 10% by mass of total polymer content). The mass ratio of PS:d-PMMA was fixed at 1:1. Oxygen plasma cleaned Si substrates (1" wafer, 4mm thick) were then spin cast at 2000rpm using the different concentration solutions. The spin casting process was done on a custom built, instrumented, spin coater. Spinning was performed in air and at room temperature. This system can measure the optical reflectivity (OR) and off-specular scattering of light from a HeNe laser (633nm) directed onto the sample surface during the spinning process [15] . The thickness time curves for each sample processed are shown in figure 3. These were generated from the OR data (e.g. figure 2 ). The final film thickness was obtained by scratching the film and measuring an AFM step height profile across the scratch. This ex situ thickness measurement gives the last data point in the thickness time plots ( figure 3 ) and all the previous data points are determined by counting the time between the OR fringes, which correspond to thickness changes of λ / 2n cos θ i , where λ is the laser wavelength, n is the refractive index of the solution (assumed to vary linearly between its initial and final values) and θ i is the incident angle of the light. Video recordings of the off-specular scattering were analysed to determine the development of lateral phase separation in each sample. The final off-specular images are shown as inserts in figure 1. After spin casting optical and atomic force microscope images of the samples were recorded (see figure 1) . The atomic force microscopy (AFM) images were recorded using a Veeco Dimension AFM operated in tapping mode, also in figure 1. In order to determine the film thickness of the polymer film it was scratched with a scalpel blade and the step height across the scratch was measured (insert in figure 1 ). This film thickness measurement provides only the film thickness at a single point on the sample. Therefore, ellipsometry was also used to determine the film thickness averaged over the ellipsometer beam area (an ellipse approx 3 mm by 8 mm). A J.A. Woolham M2000V spectroscopic (370 nm-1000 nm) ellipsometer was used to conduct these measurements and the data was fitted using a Cauchy model. The ellipsometry results provide an averaged thickness over the beam area of ~10mm 2 . However, for the 8% and 10% samples where the height variation is very large across this area it is expected that the error margins for the ellipsometry results will be large and as such the results are included in table 1 for completeness only. After preparation the samples were then examined ex situ using neutron reflectivity (NR) with the reflectometer CRISP located at the ISIS Pulsed Neutron and Muon Source. The reflectivity was measured at three different angles and the data combined to give a q range of 0.01 Å -1 to 0.13 Å -1 . Beyond this range the reflectivity was dominated by the background. The NR data recorded was then fitted using a customised model which consisted of a linear combination of two slab models of the sort commonly used to fit NR data [17, 18] . The fit quality was optimised using a fitting algorithm to minimise the error parameter χ 2 per point. This custom model was necessary because the polymer blends laterally phase separate at high concentrations, which results in laterally phase separated domains ~40 µm in diameter (as shown in the optical microscopy images Fig 1) . The length scale of this ordering exceeds the coherence length of the neutron beam, which is estimated to be ~20 µm [19] . Therefore, the resulting NR profile is a linear combination of the expected NR profiles from two separate regions; one region for both phase 'a' and phase 'b', when lateral phase separation occurs on length scales greater than ~20 µm.
Results
During the spin casting of the polymer blends at lower concentrations i.e. 2% to 6% no large scale (>5μm) lateral phase separation was observed. In contrast, the films spun from the 8% and 10% solutions did show lateral phase separation with a length scale of ~ 40μm. In all but the 2% sample some short length scale phase separation (<5μm) was observed by AFM, but could not be resolved by the off specular scattering experiments. This short length scale phase separation is similar to that previously observed ex situ in the PS-PMMA material system by several authors [6] [7] [8] [9] . The inserts in Figure 1 show the final off-specular scattering images for the samples spun from 2%, 6%, 8% and 10% solutions (the off specular scattering was not recorded for the 4% sample, although it was observed in situ to be similar to that for 2% and 6%). The high concentration samples show a distinct off-specular scattering ring that corresponds to lateral phase separation with a defined length-scale, unlike the samples made from low concentration solutions (2%, 4%, and 6%) which did not show any lateral phase separation. The rings observed are elliptical rather than circular due to the incident angle of the laser beam and its finite cross sectional area which results in an elliptical illuminated footprint. The ring observed for the 8% sample has a preferred orientation in the off specular scattering which is because the spinning substrate was very slightly off perfectly flat alignment. The occurrence of the lateral phase separation can also be seen in the optical microscopy images (Figure 1 ).
In situ specular optical reflectivity
Analysis of the in situ OR data and off-specular scattering videos shows that when lateral phase separation occurs its onset occurs late in the spinning process. The low concentration samples completely dry before lateral phase separation occurs. The high concentration samples 8% and 10% show strong off specular scattering after ~2.7 s and ~1.4 s respectively. This corresponds to film thicknesses of ~3.5 µm and ~9.3 µm respectively, from the reflectivity analysis figure 3.
Atomic Force Microscopy
The AFM images recorded are shown in figure 1. The film thicknesses established from the AFM step height data are in reasonable agreement with those values obtained from the ellipsometry measurements, see table 1. In general, as the concentration of the solution used to make the films increases the final film thickness increases. This is hardly surprising since the high concentration solutions contain more polymer and will also be more viscous therefore resulting in less solution loss in the early stages of the spinning process. It should be borne in mind that the AFM measurement is at a single point on the sample whereas the ellipsometry measurement is averaged over the area of the optical beam used in the experiment. The AFM data also gives us some information about the surface topology. For the sample made from 2% solution, the thin film is flat and without significant large features. As the solution concentration increases the laterally phase separated regions become more pronounced and their size increases from ~1µm in the 4% sample to >40µm in the 10% sample. The difference in film thickness between the PS rich and d-PMMA rich regions also increases with increasing concentration, note the vertical scales in the 3D AFM images in figure 1 increase from 50nm to 500nm. The chemical composition of the different regions has been identified by washing similar samples in the selective solvents acetic acid (a solvent for PMMA but not PS) and cyclohexane (a solvent for PS but not PMMA.)
Neutron Reflectivity
Film thicknesses were also determined by modelling the neutron reflectivity data acquired using the CRISP reflectometer at the ISIS Pulsed Neutron and Muon Source. The dual slab stack model used to fit this data series was a side-by-side combination of two slab stack models of the type commonly used to fit neutron reflectivity profiles of thin polymer films [17, 18] . The starting conditions for the dual slab model comprised of a two-layer slab model consisting of a d-PMMA layer under a PS layer alongside a second slab model consisting of a single d-PMMA layer. This choice of starting conditions was determined from the microscopy and selective washing experiments. The use of the dual slab model was necessitated because the length-scale of the lateral phase separation occurring in the high concentration samples exceeded the coherence length of the neutron beam utilised. In the lowest concentration sample which showed no lateral phase separation, the variable in the model that relates to the ratio between the area fractions of the two slab stacks was zero, implying only one slab stack was present. In this case the samples consisted of a d-PMMA rich layer under a PS rich layer. This is in agreement with the microscopy images which show flat uniform samples with no lateral phase separation. For the intermediate 4% and 6% samples the neutron reflectivity data can also be reasonably fitted with a single slab stack model with increased intermixing of the d-PMMA and PS layers. This is evidenced by the neutron scattering length densities that are intermediate between that of PS and d-PMMA. While there is clearly some lateral phase separation on the nano-scale in the 4% sample and on the micro-scale in the 6% sample, as observed byAFM in figure 1 , it is thought that because this phase separation occurs on a length-scale shorter than the coherence length-scale of the neutron beam the result is an averaging of the component scattering length densities. For the 8% and 10% samples it was not possible to attain satisfactory fits for the NR data with an areal fraction of zero for the second d-PMMA slab, implying that phase separation had occurred on a lengthscale greater than the neutron coherence length. When the lateral phase separation occurs on a large length scale it becomes necessary to employ both slab stacks of the dual slab stack model to satisfactorily fit the data. This is the case in the 8% and 10% samples. However, the areal fraction of the phase consisting of a single d-PMMA layer in the neutron model is slightly lower than expected from the microscopy images. This may also be due to coherence effects of the neutron experiment resulting in some averaging out of the two phases over the neutron coherence length-scale and resulting in a reduced modelled area of the single d-PMMA layer. Since it is necessary to employ the dual slab model to fit the 8% sample this allows us to estimate an upper limit for the neutron coherence length of 30 µm (length-scale of phase separation from the microscopy data) and since the 6% sample can be reasonably fitted with the single slab model an estimate of ~1.5 µm for a lower limit on the neutron coherence length can be ascertained. These limits are in agreement with previous estimates of the neutron coherence length of ~20 µm for this instrument [19] . The NR modelling was not very sensitive to thickness if the slab thicknesses were greater than ~200 nm. Therefore it is not surprising that there are some discrepancies between the AFM and NR derived total thicknesses as the total film thickness becomes large. The fits for the samples that were thinner overall were expected to generally have a slightly higher χ 2 per point due to the greater number of fringes in the reflectivity curve.
Discussion
The results presented here are consistent with the dynamic model for film formation put forward in Heriot et al which describes an initial phase separation into a PS layer on top of a PMMA layer and then the solvent concentration gradient within the drying film driving a Marangoni-like instability at the liquid-liquid interface [16] . These results allow us to further develop this model. The self-stratification process which forms a PS-rich layer on top of a d-PMMA-rich layer is driven by the favourable enthalpy of phase separation and the different surface energies at both the air interface and substrate surface. By using different concentrations of solution the evolution of morphology within the drying film is essentially frozen in at different points in time during its development. However, of course, the total thickness of the films vary significantly since the concentration of the solution determines its viscosity and therefore plays an important role in determining the final thickness of the films produced. As can be seen in figure 3 thinning of the films is a two stage process. Birnie and Manley have attributed this to initial thinning dominated by inertial loss of fluid via radial flow and then latterly when the film is thin radial flow slows and the thinning becomes dominated by evaporation [2] . In the case of the lowest concentration film (2%) the solution viscosity is low and therefore upon spinning a thin film of fluid is rapidly formed which phase separates into a PS-rich layer on top of a d-PMMA-rich layer during solvent removal and after all the solvent has evaporated (in 2.4s) results in a flat featureless bi-layer structure. A schematic diagram of the different structures formed in each of the different samples is shown in figure 5 . When the solution concentration is increased to 4% the drying process takes slightly longer at 2.9s. Any pockets of high d-PMMA concentration in the PS layer therefore are more likely to have made their way to either the top surface where they will be anchored or to the interface with the underlying d-PMMA layer where they will be absorbed into the d-PMMA layer. Similarly, PS-rich pockets within the d-PMMA layer may migrate to the interface where they will be absorbed into the PS layer; however they will not be anchored at the substrate surface since it energetically prefers d-PMMA. This results in the mostly flat bi-layer structure decorated with small dimples observed in the 4% sample. The slight waviness at the surface is caused by evaporation from the top surface which results in variations in the solvent concentration gradient at both the top surface and at the buried interface. The result is the initial onset of a long length-scale Marangoni-like instability at the PS:d-PMMA interface which is to some extent mirrored by the topology of the upper surface. For the 6% sample the instability is close to, but not yet breaching, the top surface. It is clearly visible in the optical microscopy image that the top surface has many d-PMMA-rich pockets that tend to be excluded from the zones where the PS is swelling up towards the top surface. No off-specular scattering ring was observed during the spreading of this sample, however from the microscopy images it clear that some short length scale phase separation does occur on the top surface and buried longer length scale undulations are also observed. These features are not manifest in the off-specular reflectivity due to limitations of the instrument used, i.e. the wavelength of light and sensitivity of the detector do not permit the short length-scale scattering to be detected and the reflection geometry used means that the scattered light collected is dominated by the top surface reflection and therefore this technique is not very sensitive to buried structure. In the 8% sample the amplitude of the interface instability has become sufficiently large that it breaches the top surface resulting in laterally phase separated regions which have clearly resolved edges, as shown in figure 1 . Upon breaching the surface the interfacial line will move rapidly to yield laterally phase separated regions. The undulations on the top surface suddenly flatten leaving a locally flat top surface. This process manifests itself as an offspecular scattering ring at a preferred length-scale of ~40 µm, which corresponds to the instability length scale, and steadily increases in intensity. When the instability breaches the surface a sudden, solid, circular bright flash is observed which corresponds to scattering at all length scales greater than and equal to the preferred length scale of the stability. Immediately after the flash only a central spot corresponding to a flat surface is observed. Very quickly after the flat surface spot is observed an off-specular ring re-appears. The reappearance of the off-specular scattering ring is thought to be due the subsequent thinning of the PS rich regions since PS dissolves more readily in toluene the PS rich regions will contain more solvent and therefore the PS phase will thin more that the PMMA phase as the last of the solvent evaporates. The irregular shape of the lateral phase separation in the 8% sample may be due to transfer of d-PMMA from instability oscillations that have not yet reached the top surface to neighbouring oscillations that have reached the surface. For the 8% and 10% samples there is a high degree of variation in the surface thickness between the laterally separated PS-rich and d-PMMA-rich regions. The ellipsometry thickness measurement is an averaged over a large area therefore due to the large thickness variations in the 8% and 10% samples the error margins will become very large, which explains why there is are discrepancies between the AFM and ellipsometry thickness measurements for these two samples. The evolution of the morphology within the 10% sample during the spin-casting process was very similar to that of the 8% sample. The only significant difference being that at the higher concentration the lateral phase separation frozen into the sample was much more regular in size and shape. This is attributed to the higher viscosity of this sample. Therefore the transfer of d-PMMA from an instability peak to a neighbouring one is less likely before the surface is breached for both peaks. Alternatively, the increased uniformity could be because the troughs in the instability reach the lower substrate surface first in the thicker film and the lateral phase separation proceeds from the substrate up through the film.
Conclusions
It is possible to selectively control the geometry of the phase separation that occurs when spin casting a PS:d-PMMA blend from a toluene solution by altering the solution concentration used. The ability to control the self organised micro-structure within spin cast polymer blend films has potential application in the fabrication of polymer devices where a controlled micro-structure is desirable. Using low polymer concentration solutions favours the formation of an in-plane phase separated bi-layer, with a d-PMMA-rich layer underneath a PS-rich layer. At intermediate concentrations the films formed consist of an in-plane phase separated bi-layer with an undulating interface and also have some secondary phase separated pockets rich in d-PMMA in the PS-rich layer and vice versa . High concentration solutions result in laterally phase separated regions with sharp interfaces. As with the intermediate concentrations secondary phase separation was also observed, especially at the top surface. . Neutron reflectivity data with modelled fits for the samples prepared from different concentration of polymer solution, each offset by an order of magnitude for clarity. The 2% (purple), 4% (blue) and 6% (green) data is fitted with a single slab model (PS layer on dPMMA layer) model and the 8% (orange) and 10% (red) data required a dual slab model (PS on dPMMA alongside dPMMA) to obtain satisfactory fits -see table 1 for further details. 
